Alcohol consumption induces liver steatosis; therefore, this study investigated the possible role of adipose tissue dysfunction in the pathogenesis of alcoholic steatosis. Mice were pair-fed an alcohol or control liquid diet for 8 weeks to evaluate the alcohol effects on lipid metabolism at the adipose tissue-liver axis. Chronic alcohol exposure reduced adipose tissue mass and adipocyte size. Fatty acid release from adipose tissue explants was significantly increased in alcohol-fed mice in association with the activation of adipose triglyceride lipase and hormone-sensitive lipase. Alcohol exposure induced insulin intolerance and inactivated adipose protein phosphatase 1 in association with the up-regulation of phosphatase and tensin homolog (PTEN) and suppressor of cytokine signaling 3 (SOCS3). Alcohol exposure up-regulated fatty acid transport proteins and caused lipid accumulation in the liver. To define the mechanistic link between adipose triglyceride loss and hepatic triglyceride gain, mice were first administered heavy water for 5 weeks to label adipose triglycerides with deuterium, and then pair-fed alcohol or control diet for 2 weeks. Deposition of deuterium-labeled adipose triglycerides in the liver was analyzed using Fourier transform ion cyclotron mass spectrometry. Alcohol exposure increased more than a dozen deuterium-labeled triglyceride molecules in the liver by up to 6.3-fold. These data demonstrate for the first time that adipose triglycerides due to alcohol-induced hyperlipolysis are reverse transported and deposited in the liver. Alcoholic liver disease may evolve through three progressive stages: steatosis (fatty liver), hepatitis, and cirrhosis. Alcoholic steatosis, characterized by lipid droplet accumulation in the cytoplasm of hepatocytes, is the critical initial metabolic disorder in the progression of alcoholic liver disease.
Alcohol consumption induces liver steatosis; therefore, this study investigated the possible role of adipose tissue dysfunction in the pathogenesis of alcoholic steatosis. Mice were pair-fed an alcohol or control liquid diet for 8 weeks to evaluate the alcohol effects on lipid metabolism at the adipose tissue-liver axis. Chronic alcohol exposure reduced adipose tissue mass and adipocyte size. Fatty acid release from adipose tissue explants was significantly increased in alcohol-fed mice in association with the activation of adipose triglyceride lipase and hormone-sensitive lipase. Alcohol exposure induced insulin intolerance and inactivated adipose protein phosphatase 1 in association with the up-regulation of phosphatase and tensin homolog (PTEN) and suppressor of cytokine signaling 3 (SOCS3). Alcohol exposure up-regulated fatty acid transport proteins and caused lipid accumulation in the liver. To define the mechanistic link between adipose triglyceride loss and hepatic triglyceride gain, mice were first administered heavy water for 5 weeks to label adipose triglycerides with deuterium, and then pair-fed alcohol or control diet for 2 weeks. Deposition of deuterium-labeled adipose triglycerides in the liver was analyzed using Fourier transform ion cyclotron mass spectrometry. Alcohol exposure increased more than a dozen deuterium-labeled triglyceride molecules in the liver by up to 6.3-fold. These data demonstrate for the first time that adipose triglycerides due to alcohol-induced hyperlipolysis are reverse transported and deposited in the liver. Alcoholic liver disease may evolve through three progressive stages: steatosis (fatty liver), hepatitis, and cirrhosis. Alcoholic steatosis, characterized by lipid droplet accumulation in the cytoplasm of hepatocytes, is the critical initial metabolic disorder in the progression of alcoholic liver disease. 1 Lipid droplets occupy cytoplasmic space of the hepatocytes, which may diminish cellular functions and make the hepatocytes susceptible to toxic or stress factors. Multiple mechanisms have been suggested to be involved in the pathogenesis of alcoholic steatosis, including induction of fatty acid synthesis, inhibition of fatty acid oxidation, and reduction of very low-density lipoprotein (VLDL) secretion to the blood. [2] [3] [4] Increasing evidence also suggests that adipose tissue dysfunction may impact hepatic lipid metabolism. [5] [6] [7] Lipid homeostasis at the liver-adipose tissue axis plays a key role in regulating whole-body energy homeostasis.
White adipose tissue (WAT) is the major organ to store excess energy under positive energy balance conditions, whereas it provides energy for other organs by releasing fatty acids under negative energy balance conditions. Disordered fat storage function in WAT may cause excess fatty acid influx into the liver, leading to steatosis. [5] [6] [7] A recent study demonstrated that diminishing lipid storage function in WAT by overexpressing leptin-receptor b (lpr-b) on the aP2-lpr-b promoter (aP2lepr-b transgene) in db/db mice attenuated obesity after high-fat feeding. 8 However, the aP2lepr-b transgene significantly increased liver weight and triglyceride concentrations, and accelerated the development of diabetes. On the other hand, adiponectin-overexpressing ob/ob mice showed a higher level of fat mass, but a lower hepatic triglyceride level and improvement of insulin sensitivity. 9 Therefore, healthy adipose tissue is required for maintaining lipid homeostasis at the liver-WAT axis.
Clinical studies have demonstrated that lower fat mass is associated with higher liver fat in alcoholics. 10, 11 Alcohol exposure reduced adipose mass in rodents 12, 13 while increased fatty acid uptake by hepatocytes. 14, 15 Our recent study demonstrated that suppression of alcoholinduced WAT loss by dietary zinc supplementation was associated with attenuation of steatosis in mice. 13 These data suggest that alcohol may induce excess adipose lipolysis, thereby increasing fatty acid influx to the liver. The present study was designed to investigate the effects of alcohol on lipid metabolism at the adipose tissue-liver axis and to define the mechanistic link between WAT dysfunction and the development of alcoholic steatosis.
Materials and Methods

Effects of Alcohol on Lipid Metabolism at the Liver-WAT Axis in Alcoholic Steatosis (Experiment I)
Animals and Alcohol Feeding Experiments
Male C57BL/6 mice were obtained from Harlan Laboratories (Indianapolis, IN). All of the mice were treated according to the experimental procedures approved by the institutional animal care and use committee. Mice at 4 months of age were pair-fed a modified Lieber-DeCarli alcohol or control liquid diet for 8 weeks with a stepwise feeding procedure. The ethanol content (%, w/v) in the diet was 4.8 (34% of total calories) at initiation, and increased by 0.2% every 2 weeks, reaching 5.4 (38% of total calories) for the last 2 weeks. After 8 weeks of feeding, mice were anesthetized at 1:00pm, and plasma, liver and WAT samples were collected.
Plasma Alcohol, Alanine Aminotransferase, and Hormone Concentrations
Plasma alcohol concentrations were measured using an Ethanol Assay Kit (BioVision, Mountain View, CA). Plasma alanine aminotransferase (ALT) activity was colorimetrically measured using an Infinity ALT Reagent (Thermo Scientific, Waltham, MA). Plasma adrenaline and noradrenaline were measured with a 2-CAT Research ELISA kit (Labor Diagnostika, Nord, Germany), and insulin was measured with an Insulin (Mouse) Ultrasensitive ELISA kit (ALPCO Diagnostics, Salem, NH), respectively.
Insulin Tolerance Assay
Mice were fasted for 4 hours, and insulin solution (0.25 U/kg) was administrated via intraperitoneal injection. Glucose levels in tail vein blood samples were measured using an OneTouch Ultra2 Blood Glucose Meter (LifeScan, Milpitas, CA).
Assessment of WAT Lipolysis
Adipose tissue explants were obtained from the epididymal WAT after 8 weeks of feeding. Adipose tissue explants were washed in culture plates with pre-warmed Dulbecco's PBS containing 100 U/mL penicillin and 100 mg/mL streptomycin. After removing connective tissue and blood vessels by dissection, 20 mg of adipose tissue explants were placed into 24-well plates, cut into small pieces, and cultured in 200 L of Dulbecco's modified Eagle's medium with 2 mmol/L L-glutamine, 50 U/mL penicillin, 50 mg/mL streptomycin, and 2% fatty acid-free bovine serum albumin for 2 hours. Free fatty acids released into the culture medium were determined by a Free Fatty Acid Quantification Kit (BioVision).
Histopathological Examination of WAT
Adipose tissues were fixed in 10% formalin, and processed for paraffin embedding. Paraffin tissue sections were cut at 7 m, and processed for hematoxylin and eosin (H&E) stain. For estimating adipocyte size, diameters of adipocytes were measured under a microscope with a ϫ20 objective. Five tissue sections from each group were selected, and the diameters of 40 adipocytes from each tissue section were measured.
Detection of Liver Steatosis
Neutral lipids in the liver were detected by Oil Red O stain. Liver cryostat sections were cut at 7 m, fixed with 10% formalin for 5 minutes, and stained with Oil Red O in 2-propynal solution for 10 minutes. Triglyceride and cholesterol concentrations in the liver were measured using Infinity Triglyceride Reagent and Infinity Cholesterol Reagent (Thermo Scientific), respectively, after extracting hepatic lipid with chloroform/methanol (2:1).
Quantitative PCR
The total RNA was isolated from WAT and liver, and reverse transcription was conducted with the TaqMan Reverse Transcription Reagents Kit (Applied Biosystems, Foster City, CA). The forward and reverse primers (Table 1) were designed using Primer Express Software (Applied Biosystems), and quantitative PCR (qPCR) analysis with SYBR green PCR Master Mix was performed on an Applied Biosystems PRISM 7500 Sequence Detection System (Applied Biosystems). The data were normalized to ␤-actin for liver samples and to acidic ribosomal phosphoprotein P0 (36B4) for adipose tissue samples, and presented as fold changes, setting the values of pair-fed mice as one.
Immunoblot Analysis
Whole-protein lysates of liver or adipose tissue were extracted using 10% Nonidet P-40 lysis buffer supplemented with 1% protease inhibitor cocktail and 1% phenylmethylsulfonyl fluoride. Protein concentrations were measured with a protein assay reagent based on the Bradford method (Bio-Rad, Hercules, CA). Aliquots containing 60 g of proteins were loaded onto a 8% to 12% sodium dodecyl sulfate-polyacrylamide gel, transblotted onto polyvinylidene difluoride membrane, blocked with 5% nonfat dry milk in Tris-buffered saline with 0.1% Tween-20, and then incubated with one of the primary antibodies listed in Table 2 . The membrane was then incubated with horseradish peroxidase-conjugated donkey anti-rabbit or goat anti-mouse IgG (Cell Signaling, Danvers, MA). The bound complexes were detected with enhanced chemiluminescence (GE Healthcare, Piscataway, NJ) and quantified by densitometry analysis. The immunoblot bands were quantified by densitometry analysis, and the ratio to ␤-actin was calculated and presented as fold changes, setting the values of pair-fed mice as one.
Immunohistochemistry
Liver cryostat sections were cut at 5 m, and fixed with cold acetone for 5 minutes. The sections were incubated with polyclonal rabbit anti-CD36 at 4°C overnight, followed by incubation with a horseradish peroxidase-conjugated anti-rabbit IgG for 30 minutes. Diaminobenzidine was used as a horseradish peroxidase substrate for visualization. The negative controls were conducted by omitting the primary antibody.
Statistics
All data are presented as mean Ϯ SD. The data were analyzed by Student's t-test, and differences between 
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Defining the Mechanistic Link between Alcoholic Lipodystrophy and Steatosis (Experiment II)
Animals and Alcohol Feeding Experiments
To determine whether alcohol exposure causes a shift of triglyceride storage from adipose tissue to the liver, lipid homeostasis at the liver-adipose tissue axis was estimated by a deuterium-labeling approach. Adipose triglycerides were first labeled with deuterium before alcohol exposure, and then deposition of deuterium-labeled adipose triglycerides in the liver were detected after alcohol exposure. To label triglyceride in adipose tissues, a common approach using heavy water ( 2 H 2 O) as a stable isotope tracer was followed. 16 Male C57BL/6 mice at 2 months of age were given an initial priming dose of 99.8% 2 H 2 O via intraperitoneal injection to achieve 2.5% of body water enrichment, followed by administration of 5% 2 H 2 O in the drinking water for 5 weeks. Mice were then fed an ethanol-containing liquid diet or pair-fed a control liquid diet for 2 weeks. At the end of 2 weeks feeding, mice were anesthetized, and liver tissues were collected for measuring lipid components labeled by deuterium.
Mass Spectrometry of Deuterium-Labeled Triglycerides
Hepatic lipid was extracted by methanol-chloroform (v/v ϭ 2:1). The direct infusion experiments were performed on a hybrid mass spectrometer, with linear quadrupole ion trap/Fourier transform ion cyclotron mass spectrometry (MS) (Thermo Electron Corporation, Bremen, Germany) equipped with a chip-based nano-electrospray ionization ion source (Triversa NanoMate; Advion Biosciences, Ithaca, NY). The mass spectrometer was operated in positive mode. Each metabolite extract was measured for 5 minutes, covering the mass-tocharge ratio (m/z) ϭ 100 to 1600. All mass spectra were recorded using Fourier transform ion cyclotron resonance in the profile mode, and the resolving power was set at 400,000 at m/z ϭ 400. The maximum ion accumulation time was set at 1000 ms. The ion optics was tuned for the sodium adduct of tricaprylin [(C 27 H 50 O 6 ϩNa ϩ )] at m/z ϭ 493.25 using the linear ion trap. The two most important nano-electrospray ionization parameters were as follows: the spray voltage ϭ ϩ1.8 kV, and the nitrogen gas pressure ϭ 0.5 psi. The MS/MS spectrum of each metabolite ion was acquired on linear trap quadrupole MS. The parameters were set as follows: parent ion m/z isolation window ϭ Ϯ0.5, spectrum accumulation time ϭ 1 minute. The collision-induced dissociation voltage is a moleculedependent parameter and ranged from 16 to 40 mV.
Data Analysis
The instrument data were first reduced into a peak list using second-order polynomial fitting and Gaussian mixture model. After peak alignment, a contrast-based method was used for normalization. 17 Both the Fisher's exact test and pairwise two-tailed t-test were used to study the regulation change of each metabolite between two physiological conditions. The parameters used during analysis are as follows: parent ion m/z accuracy Ͻ5 ppm and the q-value for false discovery rate Ͻ0.3. Metabolite identification was achieved in two sequential steps, tentative assignment and confirmative identification. The metabolite tentative assignment was accomplished using the Fourier transform MS data, whereas the confirmative identification was accomplished using the linear quadrupole ion trap MS/MS data. The tentative metabolite assignment was achieved by matching the experimentally measured metabolite ion m/z value and isotopic peak profile to the corresponding theoretical information of metabolites recorded in public databases, including the Kyoto Encyclopedia of Genes and Ge- 6 .0 (Thermo Scientific) was used to generate the in silico MS/MS spectrum for each of the tentatively assigned metabolite candidates, and the in silico MS/MS spectrum was then matched to the experimental MS/MS spectrum of the metabolite ion. The metabolite candidate with the best MS/MS spectrum match was considered as the metabolite present in the sample.
Results
Chronic Alcohol Exposure Reduces WAT Mass and Adipocyte Size
The plasma alcohol concentration after 8 weeks alcohol feeding was 148 Ϯ 31 mg/dL, and the plasma ALT level was significantly higher in alcohol-fed mice (68.8 Ϯ 17.0 U/L) than pair-fed mice (28.4 Ϯ 6.7 U/L). The average body weight of alcohol-fed mice (27.2 Ϯ 1.17 g) was significantly lower than the pair-fed mice (32.7 Ϯ 1.52 g). Accordingly, the alcohol-fed mice exhibited less abdominal fat ( Figure  1A ). Alcohol exposure reduced the masses of all of the three major abdominal fat depots, including epididymal, perirenal, and mesenteric WAT (Figure 1B) , and the weight loss was 69%, 79%, and 74%, respectively ( Figure 1C ).
Histopathological observation found that alcohol exposure reduced the adipocyte size in all of the three abdominal fat depots ( Figure 1D ). Adipocyte diameters measured under microscope were reduced in alcohol-fed mice by 52%, 51%, and 42% in epididymal, perirenal, and mesenteric WAT ( Figure 1E ), respectively.
Chronic Alcohol Exposure Enhances Adipose Tissue Lipolysis
To understand how alcohol exposure reduces adipose tissue mass, lipolysis capacity was determined by incubating freshly isolated epididymal WAT. Adipose explants from alcohol-fed mice showed a twofold increase in fatty acid release during 2 hours incubation, in comparison with that of pair-fed mice (Figure 2A ). Genes and proteins/enzymes involved in lipid metabolism were measured by qPCR and immunoblot analysis, respectively. As shown in Figure 2B , alcohol exposure did not affect fatty acid transport genes, but up-regulated adipose triglyceride lipase (ATGL) and down-regulated peroxisome proliferator activated receptor ␥ (PPAR-␥) and CCAATenhancing binding protein-␣ (C/EBP-␣). Chronic alcohol exposure significantly increased the protein levels of ATGL and phosphorylated hormone sensitive lipase (p-HSL), whereas the total HSL protein level was not affected ( Figure 2C ). 
Insulin Resistance Is Associated with AlcoholInduced Adipose Dysfunction
To explore the mechanisms by which alcohol stimulates lipolysis, plasma hormones involved in lipolysis regulation were measured. As shown in Figure 3A , neither positive regulators, adrenaline and nonadrenaline, nor negative regulator, insulin, were affected by chronic alcohol exposure. To determine whether alcohol exposure causes insulin resistance, an insulin tolerance test was performed. As shown in Figure 3B , alcohol-fed mice had a significantly higher blood glucose level at 30 minutes Epididymal adipose explants from alcohol-fed mice were isolated, cut into small pieces, and cultured in Dulbecco's modified Eagle's medium for 2 hours. Free fatty acids released into the culture medium were determined. B: qPCR analysis of gene expression of epididymal adipose tissue. C: Immunoblot analysis of protein levels of epididymal WAT. The immunoblot bands were quantified by densitometry analysis, and the ratio to ␤-actin was calculated by setting the value of controls as one. Results are means Ϯ SD (n ϭ 5 in A; n ϭ 4 in B; n ϭ 3 in C). Significant differences between alcohol-fed and pair-fed mice were determined by t-test. *P Ͻ 0.05. AF, alcohol-fed; FFA, free fatty acid; PF, pair-fed. Immunoblot analysis of proteins related to insulin signaling. The immunoblot bands were quantified by densitometry analysis, and the ratio to ␤-actin was calculated by setting the value of controls as one. Results are means Ϯ SD (n ϭ 5 to 8 in A and B; n ϭ 4 in C; n ϭ 3 in D). Significant differences between alcohol-fed and pair-fed mice are determined by t-test. *P Ͻ 0.05. AF, alcohol-fed; PF, pair-fed.
after insulin administration. Alterations of insulin signaling molecules in epididymal WAT were measured by qPCR and immunoblot, respectively. Chronic alcohol exposure did not affect genes of insulin receptor (Insr), insulin receptor substrate 1 (Irs1), raptor, rector, and protein phosphatase 1 (PP1), but significantly up-regulated phosphatase and tensin homolog (PTEN) and suppressor of cytokine signaling 3 (SOCS3) ( Figure 3C ). Immunoblot analysis demonstrated that chronic alcohol exposure increased the protein levels of PTEN and SOCS3. The protein level of p-PP1 was reduced by alcohol, whereas the total PP1 protein level was increased ( Figure 3D ).
Up-Regulation of Fatty Acid Uptake Genes/Proteins Is Associated with AlcoholInduced Hepatic Lipid Dyshomeostasis
Alcohol exposure caused lipid accumulation in the liver as indicated by Oil Red O stain ( Figure 4A ) and increased triglyceride and cholesterol levels ( Figure 4B ). The mRNA and protein levels of major proteins that involve in hepatic fatty acid uptake and VLDL export were measured. Among the three proteins/enzymes related to fatty acid uptake, alcohol exposure increased the mRNA level ( Figure 4C ) of CD36/fatty acid translocase (FAT) and the protein levels ( Figure 4D ) of CD36/FAT and fatty acid transport protein 5 (FATP5). Alcohol exposure increased the protein level of microsomal triglyceride transfer protein (MTTP), but decreased the mRNA and protein levels of apolipoprotein B100 (ApoB100). Immunohistochemistry showed that CD36 mainly locates on the plasma membrane of hepatocytes, and chronic alcohol exposure increased CD36 distribution ( Figure 4E ).
Identification of Hepatic Triglycerides Reverse Transported from the Adipose Tissue after Alcohol Exposure
To determine whether fatty acids released from adipose tissue due to excess lipolysis may contribute to lipid accumulation in the liver, adipose triglycerides were first labeled by deuterium for 5 weeks (time 0) and then hepatic accumulation of deuterium-labeled metabolites after 2 weeks of control or alcohol liquid diet feeding was identified by Fourier transform MS and linear trap quadrupole MS/MS. Figure 5 shows the level of a deuteriumlabeled triglyceride TG(16:0/18:1(9Z)/20:4(5Z,8Z,11Z, 14Z))[iso6] (LIPID MAPS id: LMGL03010355 and HMDB id: HMDB05385) in each liver sample. In comparison with the baseline at time 0, the level of this deuterium-labeled triglyceride was increased in the liver of pair-fed mice. Alcohol feeding stimulated hepatic accumulation of this deuterium-labeled triglyceride in the liver as indicated by up to 6.3-fold increase, compared to the pair-fed mice. Table 3 lists all of the triglyceride molecules identified with significant regulation changes between the control cohort and the test cohort at 2 weeks, and the number of deuterium incorporated in each triglyceride molecule varied from one to four. Fourteen triglyceride molecules, identified via confirmative identification using MS/MS spectra, were recognized with a significant increase in the alcohol-fed mice, of which 2 molecules were detected by Fisher's exact test and 12 were detected by pairwise two-tailed t-test.
Discussion
The present study demonstrated a significant loss of WAT in a mouse model of alcoholic steatosis. Although reduction of adipocyte size is likely a major cause of WAT loss, alcohol-induced hyperlipolysis due to insulin resistance accounts for the reduction of adipocyte size. On the other hand, alcohol exposure up-regulated hepatic fatty acid uptake proteins in association with development of steatosis. A deuterium tracer approach revealed that adipose triglycerides labeled with deuterium were deposited in the liver after alcohol exposure. These data demonstrated a mechanistic link between WAT loss and hepatic lipid gain in alcoholic steatosis. Although disturbance of adipokine secretion has been implicated in the dysregulation of hepatic lipid metabolism in alcoholic steatosis, 18 -20 the present study suggests that WAT dysfunction can directly impact hepatic lipid homeostasis by reverse triglyceride transport.
Adipocytes take up triglycerides from VLDL or chylomicrons, and release fatty acids via ATGL/HSL-mediated lipolysis. 21 Reduction of adipose mass could result from either reduced triglyceride uptake or increased adipose lipolysis. A previous study demonstrated that chronic alcohol exposure increased triglyceride synthesis and degradation by 1.4-fold and 2.3-fold, respectively, suggesting an increased triglyceride turnover in WAT. 12 The present study found that chronic alcohol exposure enhanced WAT lipolysis in association with activation of the major adipose triglyceride hydrolases, ATGL and HSL. Alcohol exposure did not affect WAT genes involved in triglyceride uptake and triglyceride synthesis, although PPAR-␥ and C/EBP-␣, the key adipose transcription factors, were reduced. These data suggest that hyperlipoly- *NA refers to a metabolite that was detected only in the test cohort (deuterium/alcohol-fed), not in the control (deuterium/pair-fed) cohort. Therefore, the values of fold change for these metabolites are not available.
C, control cohort; T, test cohort.
sis is like the major functional defect of WAT after chronic alcohol exposure. Adipose lipolysis is regulated positively by catecholamine and negatively by insulin. 21 Previous reports have shown that chronic alcohol-stimulated triglyceride turnover in adipose tissue was not due to catecholaminemediated lipolysis. 12, 22 Instead, chronic alcohol exposure impaired insulin-mediated negative regulation of lipolysis. 12 Insulin signaling up-regulates PDE3B, which reduces cellular cAMP level, thereby suppressing the lipolysis pathway. 23 However, previous reports showed that neither adipose PDE3B nor insulin-induced tyrosine phosphorylation of phosphoinositide 3-kinase (PI3K, p85 subunit) and phosphorylation of Akt was affected by chronic alcohol feeding. 12, 24 The antilipolysis action of insulin may also be mediated by activation of PP1. Insulin activates PP1 through phosphorylation of its regulating subunit, and activated PP1, in turn, dephosphorylates and deactivates HSL. 23 Although the plasma catecholamine and insulin levels were not affected by alcohol exposure, the present study demonstrated that chronic alcohol exposure inactivated adipose PP1, suggesting dysregulation of intracellular insulin signal transduction. Further analysis demonstrated that chronic alcohol exposure up-regulated the insulin signaling negative regulators PTEN and SOC3. Our data suggest that inhibition of insulin signal transduction is likely a key mechanism underlying alcohol-induced adipose insulin resistance and hyperlipolysis.
The liver plays a central role in whole-body lipid homeostasis. Although the effects of alcohol exposure on liver lipogenesis and fatty acid oxidation have been implicated in the pathogenesis of alcoholic steatosis, 24 -26 increasing evidence indicates that alcohol increases the hepatic capacity in uptake of exogenous fatty acids. A HepG2 cell culture study showed that alcohol treatment increased 3 H-oleic acid uptake in a dose-dependent manner.
14 Primary hepatocyte culture also showed that 3 H-oleic acid uptake was increased by 2.6-fold in rats chronically fed alcohol. 15 One-dose alcohol exposure to rats increased the incorporation of 14 H-palmitate to the liver triglyceride by 50%. 27 Chronic alcohol feeding to rats induced a twofold increase in the incorporation of 3 H-palmitate to triglyceride or total lipid in the liver. 28 In agreement with these reports, the present study demonstrated up-regulation of hepatic proteins related to fatty acid uptake, in particular, CD36, which is not expressed predominantly in the normal liver. 29 Most importantly, the present study demonstrated for the first time that chronic alcohol exposure stimulated reverse transport and deposition of deuterium-labeled adipose triglycerides in the liver. These data suggest that adipose triglyceride reverse transport is a causal factor in the pathogenesis of alcoholic steatosis. Unexpectedly, an increase in deuterium-labeled triglycerides was also found in the liver of pair-fed mice. Because the control liquid diet used in the present study contains high fat (35% fat calories), these data suggest that reverse triglyceride transport mechanism may also apply to high fat-induced fatty liver.
Liver exports lipid in the form of VLDL for utilization by various tissues or storage in the WAT. Alcohol exposure has been shown to reduce hepatic VLDL secretion rate, and the levels of cholesterol and triglyceride in VLDL was reduced in alcohol-fed rats. 30, 31 Normalization of VLDL secretion was associated with attenuation of alcoholic steatosis by zinc, PPAR␣ agonist, or betaine. 13, 32, 33 VLDL is assembled from triglycerides, cholesterol, and apolipoproteins by MTTP with ApoB100 as an essential protein. 34 The present study found that alcohol exposure increased hepatic MTTP protein, but decreased ApoB100 protein, suggesting that impaired AopB100 production is likely a limiting factor in alcohol-reduced VLDL secretion. Indeed, up-regulation of ApoB100 protein was associated with reduction of hepatic lipid by hepatocyte growth factor or PPAR-␥ agonist. 35, 36 These results suggest that AopB100 is a potential molecular target in correcting alcohol-induced hepatic lipid dyshomeostasis.
In conclusion, the present study demonstrated that reduction of WAT mass and adipocyte size was associated with alcoholic steatosis. Activation of ATGL and HSL due to adipose insulin resistance is likely the major cause in alcohol-induced WAT reduction. Chronic alcohol exposure also caused an imbalance in gene/protein expression between lipid import and export toward lipid accumulation in the liver. The approach of deuterium incorporation into adipose triglycerides demonstrated, for the first time, that the triglycerides, which are stored in the adipose tissue before alcohol exposure, were reverse transported and deposited in the liver after alcohol exposure. These data provide solid evidence to support an organ-organ interaction mechanism underlying alcohol-induced lipid accumulation in the liver.
